INTRODUCTION
The question to which we draw your attention is: what can be learned about nuclear structure by stopping negatively charged pions in a target and examining with 2 -MeV resolution the emitted photon spectrum in the region of 50 to 140 MeV? Processes which produce photons in this region are radiative capture: rr + Ai-Af +'I (1 a) -(A-i)f+n+'{ (ib)
-(A-2)f + n + n +'I (ic) and charge exchange 'IT +A.
The latter has only been observed with hydrogen and 3He. Study of hydrogen and deuterium in the early 1950's helped determine basic properties of the pion, such as its mass, odd intrinsic parity, and rrN coupling strength. In recent years targets ranging up to A = 209 have been studied and some of the interest has turned to the study of nuclear structure.
The study in 1966 by Davies et al. 1 with a large Nai detector demonstrated that the branching ratios for reactions {1) for pions in bound atomic orbits is -2o/o. A summary of measured values for both reactions (1) and (2) is given in Table I . The basic fact established by observation· of the high-energy photons is that thereactions of Eq. (1) occur as a direct interaction (rather than through formation of a compound nuclear state) of a rr-with a proton in the nucleus, the fundamental process being rr-+ p -n +'I· With this knowledge one could anticipate that the impulse approximation might be valid, and thus one had a reasonably good idea of what transition operator to use in calculating the radiative transition for nuclei. Recognizing the similarity between the dominant term of this operator,
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• with the electric dipole operator in photonuclear reactions, several authors2 predicted that the well-known giant-dipole resonances should be selectively and strongly excited. Motivated by these predictions, the Berkeley group 3 set up a high-resolution electron-posi-* Work performed under the auspices of the U. S. Atomic Energy Commis.sion.
-1- Table I . Radiative and charge exchange branching ratiosa for stopped rr-absorption on nuclei. 35 (1970) . c Ryan 1 9 (1963) . ISO tron pair spectrometer at the LBL 184-4 inch cyclotron, and were able to observe the predicted sharp lines in the 12C('rr-,-y)12B reaction ( Fig. 1 ).
In the four years since then, the field has developed rapidly. Experimentally, the data have been extended to nuclei of the entire periodic table and several transitions to individual nuclear states isolated. The pionic x-ray data, needed to determine the capture orbitals and total strong absorption widths, have improved. Theoretically, the relative importance of various terms in the effective interaction has been further clarified and more realistic nuclear wave functions are being employed. These efforts, as will be seen, have shown radiative TT capture to be a quantitative probe of nuclear structure. In addition to nuclear structure investigations, the experimental TT-capture matrix elements contribute to developing the theory which in the literature is termed the elementary particle treatment 5 of nuclei. Here one tries to link together various weak and electromagnetic processes such as radiative and charge-exchange 7T capture, f.!. capture, f3 decay, 'I decay, and electron scattering. The nuclear physics is contained in various invariant form factors of the vector and axial-vector weak hadronic currents. By making use of the conserved vector current (CVC) and partially conserved axial vector-current (PCAC) hypotheses, together with the soft pion limit (q-+ 0), one can derive relationships between these rates. For example, it has been shown that radiative 7T capture from the 1 s orbital is governed by the axial-vector form factor, which also appears (at a lower momentum transfer) in allowed Gamow-Teller (3-transitions and in f.!. capture. This type of study was initiated in 1965 by Kim and Primakof£6 and has been advocated recently by numerous authors. 5 At present only two transitions, in 3He and 6Li, have been carefully studied in this manner and these will be discussed. Two facts limit the greater application of this approach. In light nuclei, 2p-state capture dominates and for this orbit the soft-pion results do not obtain. Also, the need to have as input good experimental rates on the two states (or analogs) connected by 7T capture has restricted the application of this approach to a few cases.
EXPERIMENT
The process of radiative pion capture and the method of observation to be discussed occur in the laboratory in the following manner. A beam of 100-MeV pions, produced by bombarding a Be ribbon with 720 -MeV protons, is br.ought to a focus at a point 10m from production. The transit time is 4.1X1o-8 sec, the pion lifetime is '/'T1/2 = 4.5X1o-8 sec. Before entering the target, the pions are degraded in energy by a-25-cm length of CH2 and brought to rest in a target of I 6 1 -4 g/ cm2. The slow-down time is -2X10-9 sec. When the pion kinetic energy has dropped into the eV region it makes a transition to a negative energy atomic orbit of the nucleus to be studied. There it quickly (10-13 to 10-11 sec) makes 50 to 100 Auger or x-ray transitions until it reaches either the is state or a higher orbit which has sufficient overlap with the nucleus to make absorption competitive with x-ray transition. About 2 o/o of the pions absorbed produce photons with energies centered around 120 MeV (mTT = 139.6 MeV). The energy spectrum by measured by permitting the photons to impinge on a thin gold foil, part of a pair spectrometer, where 2.3o/o produce electron-positron pairs. The circular trajectories of this pair in an -8-kG field are measured at several points with wire spark chambers. The momenta thus measured are added to give the P,hoton energy. The pair spectrometer4 employed in the measurements at the 184-inch Berkeley cyclotron gives a resolution (FWHM) of 2 MeV at 130 MeV. The overall efficienc5 (conversion X .6.rl/4TT) is 4.15X1o-at 130 MeV.
GENERAL ASPECTS OF THE PROBLEM
For orientation, let us look at some aspects of the physics involved which pertain to all nuclei and which are already evident from the 12c study.
TREATMENT OF THE CONTINUUM
All spectra for nuclei with A > 4 and A = 3 exhibit a broad continuum with a maximum between 110 and 120 MeV. Compared to three -body phase space (Afn'/) the data are more sharply peaked (Fig. 5a ); compared to a Fermi-gas model calculation 1 ' 4 the data are broader.
A reasonably good description is given by the pole model of Dakhno and Prokoshkin 7 which identifies the continuum with quasifree capture on a proton. The single -pole diagram (discus sed by Shapiro 7 in the context of dispersion theory for direct nuclear interactions) and the expression for the photon spectrum are:
-3- . n proton separation parameter:
The curves shown with the data were computed with the above expression, which we evaluate numerically to include the complete kinematics. Since the normalization and the average excitation energy EX__ 1 of the recoil nucleus have not been given by theory, we choose values which give the best description of the data. The values of EX__ 1 determined in this manner are found to vary between 0 and 5 MeV. The pole model is clearly a first approximation: it ignores the motion of the proton in the nucleus and the final state interaction between the outgoing neutron and recoil nucleus. These are known to modify considerably the photon spectrum of 2H and 4He as discus sed below. Nevertheless, one obtains a good description of the photon spectrum in many cases with particularly good results for 3He and 14N. Ultimately one hopes for a unified model which treats both quasi-free capture and the resonances on an equal footing.
THE EFFECTIVE HAMILTONIAN
The transition operator for radiative lT capture is taken to be the nonrelativistic reduction of the photopion production amplitude on the nucleon (Chew ~al. 40) . In applying this to nuclei in the impulse approximation (IA), and taking the pion to be bound in an atomic orbit <t>f(r], Delorme and Ericson2 write this as (4) j, A -4-XBL 734-2600 Fig. 2 . Pole graph for radiative ;r capture.
The transition rate (in units of 11=c=1) between initial (J.) and final (Jf) nuclear states is given by
In the above, (; . and r. are the Pauli spin and coordinate 6f the jJh nucleon and t+(j) is the isospin raising operator; i.e., t+lproton) =!neutron). Thephotonpolarization and propagation vectors are denoted by ~A(A=±1 ), and k and the pion momentum and coordinates are denoted by q t and r. The effective coupling con-
In pr acbce one takes q
Fermi motion of the proton on w~ich capture takes place is ignored. A discussion of this point can be found in Ref.9 .
. ., stants A, B, C, D, and E are linear combinations of the electric and magnetic multi poles contributing to the "{+n-+ 1T-+p cross section at low energies. Threshold values have been given by numerous authors and some are listed in Table II . Although the most recent solutions (i972-73) are all based on the tables of Berends et al. i2 (i967) , there are still some discrepancies in B, C, D, and E. Kawaguchi et al. 8 determined their values by employing the CGLN40 solution of the fixed-t dispersion relations and used as input pion-nucleon phase shifts. The fact that these values agree quite closely with the ones based on the work of Berends et al. , which reproduce photo production daf"a." gives a rather consistent picture. The need for a sign change in the D term has just recently been suggested by Maguire and Werntz9 and is corroborated by Nixon. iO Also, the kinematic factor i + mlT/m which appears in Eq. (4) Delorme and Ericson2 indicated that the momentumdependent terms play only a minor role for is, 2p, and 3d capture. This result was derived for the total (all final nuclear states) radiative capture rate by employing the Fermi gas model and closure over f~nal nuclear states. Recent studiesi3, i4, in which transitions to individual nuclear states were considered have shown that this conclusion is correct to within a few percent for is -state I 7 capture; however, for 2p-state capture the momentum-dependent terms (B, C,D) make sizeable contributions. For example, in the tr-+ 6Li -+ l' + 6He (g. s.) transition Vergados and Baeri4 obtain a value f = 0. 7 for the ratio of contributions to A.y (2p) involving B and C terms to the A term only. The E term, quadratic in pion momentum, is expectedi4 to make negligible contributions to is and 2p capture, but may be important for 3d (£ 2:::2) capture.
ROLE OF PIONIC X-RAY DATA
The physics of mesic atoms and the pionic x-ray data play an absolutely crucial role in the quantitative evaluation of theoretical 1T-capture matrix elements. Two quantities are needed: (i) probabilities, w(n£ ), that the pion gets absorbed into the nucleus from the orbit (n£) and (2) total strong absorption rates .1\.a(n.l) of each orbit. The w(n.l) are related to the level population probabilities P(n.l) by
where
are the x-ray (Auger) fransition rates for depopulating level n.l. The P(n£) are determined by atomic cascade calculations which fit to the x-ray intensity data. The .1\.P. (n£) are either measured directly from the broadening of x-ray lines or deduced indirectly from the x-ray intensity balance on level (n£) and the electromagnetic width. The fraction of pions undergoing radiative iT-capture transitions at each -5-
Since n1 is not fixed in the existing measurements of the radiative branching ratios (R"') one must perform the incoherent sum over all orbitals
It is generally assumed that the ratio A.., (n1 )/A a (n£) depends only on £, not n.
Fdr light nuclei, capture occurs only from 1 = 0 and 1 = 1 orbits; therefore, the quantity (9) n is compared with experiment. The photon spectra of all light nuclei studied thus far are displayed in Fig. 3 and results are summarized in Table III. [The only other possibility-an unstable target-is tritium, which the Berkeley group is planning to measure later this year at Los Alamos (LAMPF).] Since the emphasis here is primarily nuclear structure, we comment only briefly on each spectrum.
1 H. The spectrum of hydrogen has played a central role in determining the basic properties of the pion and s -wave pion-nucleon interactions. In the present work it serves to calibrate the energy scale, instrumental line shape, and relative and absolute detection efficiency. The Panofsky ratio deduced for the spectrum shown in Fig. 3 a is 1.56±0.10, which agrees well with the currently accepted value of 1.53±0.02.
,. 4 The solid curve is an R-matrix calculation, assuming excitation of thr.ee states as indicated. 150 2 H. The spectrum for deuterium was the first to demonstrate the usefulness of radiative 1T capture to nuclear physics. The spectrum (Fig. 3 b) is sharply peaked toward the high-energy end due to the
.l 
final-state n-n interaction. The shape of the spectrum near its maximum can be used to determine the n-n iS-wave scattering length ann· Watson and Stuart18 showed that for 1 s state capture of the pion energy dependence of the photon spectrum near the endpoint is given by and 86 MeV. The relative stren~ths predieted by Messiah were 6.5/2. 9/0.7/12.5 in the order listed above and normalized to our measured value of the t"Y chaT'nel (Table III) . Our measurements do not resolve the d"Y and pnn"Y components, but if one uses the br,5illching ratio for dn"Y determined by Zaimidoroga et al. , 22 the respective ratios are 6.5±0.8/3.6 ±1.2/3.8±2/i8.6±2.3. This good agreement is remarkable considering that the calculation was performed more than 20 years ago.
The PCAC hypothesis and soft-pion theorem approach has been applied by Ericson and Figureau23 to compute the radiative and charge exchange rates of the TT3He3H system. They obtain 2. 70 for the Panofsky ratio for is capture which agrees well with our measurement 2.89±0.i5. Regarding p-state capture, for which there are no x-ray data, they estimate that i6o/o of the pions reaching the 2p orbit are absorbed. Of these only O.i o/o and 0.03 o/o undergo charge exchange and radiative transitions, respectively, to the triton. Thus the Panofsky ratio should not be affected. For the absolute radiative rate from the is orbit, they obtain A..y (is)= 3.46Xioi5 sec. One would like to compare this with the measured ground state branching ratio but the needed p/s capture ratio has not been measured.
The region of the photon spectrum where the breakup channels (dny, pnny) dominate is shown in Fig. 4 . The solid curve is a pole -model calculation with 6. = 6. 8 MeV corresponding to the dny vertex. It is normalized to the data in the 90-to 115-MeV region. This model, which neglects final-state interactions and the initial proton motion in 3He, is seen to give a good overall descrption. There is a suggestion of a broad peak in the region corresponding to iO-to i5-MeV excitation. This is the region where Chang et al. 24 suggest there exists a T = i/2State on the basis of their 2 H(p, y ) 3 He excitation function. The statistical evidence of our spectrum, which contains a factor of nearly 4 more counts than in the first published spectrum, 25 still falls short of being totally convincing. Clearly, a careful analysis with good theoretical calculations for the two breakup channels is needed before any conclusions can be reached.
4 He. The radiative capture rate drops by one ~rder of magnitude in going from 3He to He; indeed, the value 1. 50±0.09o/o for 4He is the lowest in Table I . The shape of the spectrum (Fig. 3d) is poorly described by the pole model, but can be entirely accounted for by assuming the excitation of three broad T = i resonances: 2-at 3.4 MeV above the 3He+n threshold; -8- later study was to demonstrate that the neutron-y correlation depends strongly on the P. of the pionic Bohr orbit. In the future this may provide an independent check on the capture probabilities w(n£) determined from x-ray data.
RESULTS FOR i p SHELL NUCLEI
The sensitivity of radiative TT capture to the structure of-individual nuclear states is most clearly seen in the photon spectra of ip-shell nuclei, 4<A::Si6. Examination of such spectra (Fig. 5) shows that the nuclear transition matrix elements are particularly large to certain bound and unbound states. We discuss these states separately, since the question of background subtraction and the accuracy of theoretical predictions are different.
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GIANT RESONANCES
As was mentioned previously, the motivation for performing high-resolution radiative 'IT-capture studies was based largely on interest in observing giant resonances, particular the giant dipole (GD) states. The states to be observed are the T z = + 1 members of T = 1 isobaric triads whose T z = 0 members are the giant resonances well known from . i I photonuclear and inelastic electron-scattering studies. Strong excitation of such states in ' IT capture was predicted by Delorme and Ericson2 (1966) , Anderson and Eisenberg2 (1966), and Uberan2 (1966) . Bistirlich et al. 4 first observed these states in the 12C(TI-,"f)12B reaction and their results are shown in Fig. 1 . The spectrum shows three peaks at photon energies of 124. 7, 120.3, and 116.9 MeV which were identified with transitions to1+, 2-, and1-states, respectively, in 12B. The analogs in 12c are at 15.1, 19.9, and 23.7 MeV. The solid curve in Fig. 1c shows the fit to the data assuming three Breit-Wigner forms. The data in this figure are what remain after subtraction of a contribution due to in-flight capture (transitions before 'IT-comes to rest) and the quasi-free component as given by the pole model. 7 The dashed curve shows the spectrum predicted by Kelly and Uberall, 27 using the 12c wave functions of Kamimur a et al. 2 7 These wave functions, tailoredtOdes cribe the splitting of the GD state observed in the 11B(p, "')12c reaction, couple the 2+ state at 4.43 MeV in 12c with the GD oscillation. When used to compute the ' IT capture rates, they are seen to result in a qualitative description of the data.
Skupsky
13 has improved the theoretical analysis of the 12c data. He included the momentum-dependent terms in the transition operator of Eq. (5) MeV. The predicted radiative branching ratios (Table IV) A likely explanation fo\-the discrepancy in ~ (2-) is that in the experimental determination the pole -model subtraction is too large. If no pole -model subtraction is 11 In i 6 o, the giant quadrupole reso-. nances (L=2, S=i, T=i) were predicted to be important by Murphy et al. 28 Using a generalized Goldhabe:r.:.-Teller model, they showed that for is capture the photon spectra of 1T capture are dominated by giant dipole states, for 2p capture by giant quadrupole (GQ) states (i+, 2+, 3+). Since more than 90o/o of the pions are captured from p orbitals, it was hoped that evidence for these nottoo-well-established collective modes could be found. Unfortunately, the spectrum in the region of the GQ states, E:'l = 111.5 to i21. 5 MeV, shows no easily identified resonances. Bistirlich et al. 4 get a branching ratio of-0.25o/o for the strength to this region after they subtract the non-resonant component by the pole model. Murphy et al. get 1. 6 5 o/o for the total strength to GDand GQ states in this region. If one assumes in the determination of the experimental number that the quasi-free component is zero in this region, the branching ratio is 0.97o/o, which is closer to the theoretical estimate. Nevertheless, one must say that the evidence is inconclusive. It would be useful to have a calculation for GQ states, using the full Hamiltonian and better nuclear wave functions.
The preliminary results of i 4 N (Fig.   5c ) show a resonance-like peak at 20.5 MeV in 14c (22. 8 MeV in 14N) . It will be interesting to see if the prediction by Murphy et al. that GQ excitations dominate whenthepions get captured predominantly from P. = i orbits can be verified. The subtraction of the quasi-free background may be clearer in i4N since, unlike i2c and i6o, this component seems to extend on both sides of the resonance. One sees that a larger value of the excitation energy of the recoil nucleus Ex = 1:::.-t::. (min)must be used in the pole model. For the curve shown in Fig. 5c , Ex = 3. 9 MeV. In the i2c and i6o analy"' sis, Ex= 0 and 1.6 MeV respectively were employed. The fit to the i4N data given by the pole model is excellent (the full analysis of this spectrum is still in progress). The larf:er t::. needed in i4N suggests that the 2c and i6o data may require a large !:::.
• As discussed above, this would improve the agreement with theory on giant-resonance excitation.
Giant-dipole states have not been -11-J identified in the mass -6 system. The suggestion of a peak occurs at E = ii9 MeV (Fig. Sa) . This is at i5.6 M:fv relative to the 6He ground state and 3. 3 MeV above the threshold for breakup of 6He into two tritons. Possibly, the observed structure is related to this channel. There are suggestions of other resonances in the spectrum, but the statistical evidence is weak. One can see that the pole model does not describe the data as well as for the other i p shell nuclei. The spectrum expected for quasi-free capture on a deuteron in 6Li has recently been calculated29 (not shown). The photon spectrum for this capture mode makes relatively large contributions to the 90-to i20-MeV region, the region where the pole model for quasi-free capture on a proton deviates most from the data. A more complete study29 of quasi-free capture on heavier clusters such as deuteron, and a-particles is in progress.
BOUND STATES
Since the nuclear structure of bound states is much better understood theoretically, and the experimental branching ratios are nearly free from uncertainties in background substraction, one hopes for a precise evaluation of radiative 1T-capture theory. This is P,articularly true for the odd-odd nuclei 6Li and i4N where transitions to individual states can be resolved.
i2
In the C study, the ground state group (Fig. i) is in the region of the i +, 2+, and 2-states in i2B at 0.0, 0.95, and 1.67 MeV, respectively. The measured excitation energy, 0.35 ± 0.05 MeV, shows that the i+ transition dominates, but that there is a non-negligible contribution from one or both of the other two states. . e spec rum prov1 es a unique possibility for studying rr capture: the combination of high neutron separation energy i4c (8.2 MeV) and high excitation energy of the first excited state in i2c (i-, 6.i MeV) permits the ground state to be completely resolved. One sees in Fig. Sc that the transition is extremely weak. The f3 transition between the two states exhibits the well-known anomaly, i.e. , log ft = 9 rather than 3 as expected for an allowed Gamow-Teller transition. The radiative rr-capture transition from the is-state also predominantly a GamowTeller transition (but at a higher momentum transfer), might therefore be expected to be small. The radiative p-state capture is apparently also small, judging from the small upper limit Ry < 8 X io-5 set by the experiment. Vergados3i analyzed this transition with shell-model wave functions and obtained Ry(O+) = 7.7Xio-5. The other bound state peak seen in the spectrum is at 7.2 MeV excitation in i4c. In this region there is 2+ and 2-state at 7.0i and 7.34 MeV, respectively. Vergados3i predicts (Table IV) The photon spectrum in the region of the o+ state is shown in Fig. 6 . The comparison of the instrumental line shape with the peak in the 6Li spectrum indicates that the latter is too broad for a single transition. A careful analysis33 indicates that one must assume population of the 2+ state at 1. 8 MeV as shown in Fig. 6b . The uncertainty that the presence of the 2+ state introduces on the extraction of the ground state is small, since we can normalize a single line to the 6Li spectrum above i32 MeV where the contribution from other channels is small. Four groups of authors have used the PCAC hypothesis and the soft-pion limit to compute ' Av (is). These are given in Table V together with the results of Maguire and Werntz, 9 who use the IA Hamiltonian but relate the nuclear matrix elements to other measured rates, and the shell model calculations of Roig and Pascual11 and Vergados and Baer. 14 We note these points:
The EP values agree in general with IA values; however, the average EP value (excluding the i968 estimate, which did not include some corrections) "-y(is) = 2.03Xioi5sec-i is h~her than the average IA value 1.46X iOi sec-i. The EP value of Delorme34 (2.3±0.5) X ioi5sec-i is the highest. (2) A.._,(2p): Since the soft-pion limit does no~ apply to 2p capture, only IA values are available. All estimates in Table V In conclusion, we can say that at the present level of comparison between theory and experiment, no major discrepancies with either the EP or IA calculations are seen. Clearly more precise x-ray data are desirable. As these become available it should be possible to extract a precise value of A..y(is) which would test with greater accuracy the PCAC hypothesis and soft-pion approach.
MEDIUM-MASS AND HEAVY NUCLEI
All high-resolution data now available on nuclei with A> 16 are displayed in Fig. 7 . The very preliminary data on 209Bi is first presented here. The total radiative capture rates (Table I) are nearly the same for these three nuclei, although the capture orbitals are different.
The Bohr radii (rB = 200 n2 /z fm) and nuclear radii (rN = 1.2 Ai/3 fm) in order 24Mg(2p), 40Ca (3d), 209Bi(5g) are 67, 90, 60 fm and 3.5, 4.1, 7."1 fm, respectively. One sees that the average distances between the pion and the proton when the interaction occurs do not vary greatly in these nuclei.
The photon spectra do not clearly show excitation of individual nuclear levels. How ever, one can see for 24Mg and 40ca that there is considerable strength to the bound states. One cannot help feeling that if the spectra were recorded with a resolution closer to that achieved in lowenergy nuclear physics, say 300 keV, a new and rich spectroscopy of nuclear states would emerge. The fact that the basic transition operator is much better understood than, for example, the much used(p,p') reaction at 50 MeV, would make it a very powerful tool for nuclear structure investigations. With higher intensity pion beams soon to become available, the prospects seem favorable for obtaining 300-keV resolution with a pair spectrometer making use of a thinner converter foil.
